During development, cell-generated forces induce tissue-scale deformations to 16 shape the organism. Here, we present a method that allows to quantitatively 17 
Introduction 33
During animal development, cell--generated forces, which are modulated in space 34 and time, are translated into tissue--scale deformations that shape the living 35 organism (Collinet et al., 2015; Lye et al., 2015; Petridou et al., 2017; Rauzi et al., 36 2015) . The extent and pattern of these deformations depends not solely on the 37 temporal and spatial profile of the generated force fields but also on the 38 mechanical properties of tissues that the force acts on. For instance, when a thin 39 sheet of elastic material moves with friction relative to an external substrate, the 40 range of deformation triggered by an external force is larger in a stiffer elastic 41 material. It is thus conceivable that, similar to cell--generated forces, the 42 mechanical properties of tissues are modulated during development in order to 43 drive morphogenesis towards specific developmental endpoints. However, the 44 direct assessment of the material properties governing tissue--scale deformation 45 in living organism is challenging, as it requires the application of controlled 46 ectopic forces and the concurrent measurement of epithelial deformation within 47 read--outs of actual material properties of the tissue, and cannot relate the spatial 157 deformation of the tissue to the applied force. To overcome this limitation, we 158 analyzed two complementary measurements of the tissue response in pulling 159 experiments (bead displacement and tissue deformation) in the framework of a 160 continuum description of tissue mechanics ( Figure 3A) . In our description, we 161 represent the tissue as a two--dimensional flat sheet with tension tensor !" , 162 moving with friction relative to a substrate and subjected to a 2D effective 163 external force density from the bead ! , such that force balance on the tissue 164 reads 165
where is a friction coefficient and the velocity vector. In addition, we used 167 the following constitutive equation for the tension tensor: 168
where
is the velocity gradient tensor, and are a two--170 dimensional Young's modulus and Poisson ratio, and are a shear and bulk 171 viscosity, and is a viscoelastic relaxation time. The tissue is described here as a 172 linear Maxwell--Kelvin--Voigt material: the tissue is assumed to have a viscous 173 response characterized by and on short time scales < / , an elastic 174 response on intermediate time scales To relate the observed changes in mechanical properties of the epithelium 224 during this softening to intracellular components, we performed our mechanical 225 probing experiments in embryos injected with pharmacological drugs affecting 226 cytoskeletal components. We used a Rho kinase inhibitor (Rho--K), Y27632 227 (Uehata et al., 1997), and a microtubule depolymerizing drug, Colcemid, to affect 228 actomyosin contractility and the microtubule cytoskeleton, respectively. It has 229 been reported that both components of the cytoskeleton contribute to the 230 developmental remodeling occurring during cellularization (Foe and Alberts, 231 1983; Royou et al., 2004; Schejter and Wieschaus, 1993; Xue and Sokac, 2016) . 232
Pharmacological drugs were injected after magnetic particle injection and before 233 performing pulling experiments. The output of the experiments was then 234 analyzed with both the spring--dashpot model and our 2D However, we observed a major change in bulk viscosity of ~180% at early 243 cellularization, in the friction coefficient compare to WT (a 310% increase at 244 early cellularization and a 34% decrease in late cellularization), and a decrease 245 in the viscoelastic relaxation timescale (a 66% decrease at early cellularization 246 and a 43% decrease at late cellularization). This is reflected in changes in the 247 spatial propagation of the deformation and of the hydrodynamic length scale by 248 a factor 3 compared to WT early cellularization (Supp. Info. Table II, Figure 3C , 249 suggests that the observed modulation of tissue mechanics is due to the 317 rearrangement of the microtubule network occurring during cellularization (Foe, 318 1993; Mazumdar and Mazumdar, 2002) . Microtubules emanating from the asters 319 associated to different nuclei display transient connections that disappear during 320 cellularization. A highly connected microtubule meshwork before celularization 321 thus rearranges into a network of only weakly interacting microtubules asters. 322
One hypothesis could be that this change in connectivity is at the origin of the 323 observed changes in mechanics. 324 325 Finally, our method for mechanical measurements, due to its versatility, low cost 326 and adaptability to different microscopy techniques can easily be employed in 327 other systems. It thus paves the way for further studies mapping out epithelial 328 mechanics. Therefore, it will serve as an important tool for understanding theemergence of mechanical properties at the tissue--scale in developmental 330 contexts and in cases of disease. 331 332 333 334
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Preparation of Drosophila Embryos 347
To inject the bead at pre--blastoderm stage, the embryos are collected during 348 15min, dechorionated in 100% bleach and mounted on an heptane/glue 349 coverslip (Fish et al., 2007) . The tissue in which the bead will be located has to 350 face the coverslip. Once mounted, the embryos are dehydrated during 10 min at 351 25°C and then covered with voltalef 10S oil. 352 353
Particle microinjection
Micro--needles are generated by pulling 1mm glass capillaries (Narishige G1) 355 using a micro--puller (Sutter instruments P30). The needle tip is then opened and 356 beveled in a controlled manner to facilitate the injection using a micro grinder 357 (Narishige EG--44). The internal diameter is set to be slightly smaller than the 358 particle, i.e., 3.5--4 (Fig 1--A) . This allows, by tuning the pressure inside the 359 micro--needle with a microinjector (WPI PV 820), to hold and inject an individual 360 particle within the Drosophila embryo. Once inside the embryo, the bead can be 361 oriented on the A--P and dorso--lateral axes using an electromagnet. After 362 injection, the embryos are positioned above a permanent magnet and are let 363 aged (2h to apply force during cellularization) in a wet chamber at 25°C. 364 365
Calibration of the electro--magnet 366
To induce controlled forces we designed an electromagnet similarly to previous 367 in vitro studies (Kollmannsberger and Fabry, 2007) . A core of soft metal with a tip 368 shape (Mumetal, Sekels Gmbh) is surrounded by 100 coils of copper cable 369 alimented by a power supply in order to generate a solenoid. An additional 370 radiator is placed in between the soft metal core and the cupper coils to evacuate 371 the thermal dissipation. The electric current circulating within the cupper coils 372 will generate a magnetic field that will be focused at the tip of the soft metal core. 373
The magnetic force exerted on the paramagnetic micro--particle is directly 374
proportional to the gradient of magnetic field (Kollmannsberger and Fabry, 375 2007) . Therefore, the force would be the highest close to the tip and decay as a 376 power law with the distance to the tip of the electro--magnet (Figure 1--figure  377 supplement 1--B). In order to calibrate the magnetic force exerted on the micro--378 particle, we have established a calibration assay with micro--particle embeddedin PDMS (Sigma Aldrich). Because its viscosity is well established, by measuring 380 the velocity of the micro--particles within the magnetic field generated by the 381 electro--magnet, one can determine precisely the force applied to the particle as a 382 function of its distance to the tip for a specific current applied in the solenoid. 383
For a current of 0.3A, the typical force--distance curve range from ∼1nN at 60 μm 384 from the tip to ∼100 pN at 200 μm (Figure 1--figure supplement 1A--B) . Due to 385 geometrical constrains arising from the embryo shape, the typically used bead--386 magnet distances in our experiments were about 190μm (inset Figure  1--  figure  387 supplement 1B). This corresponds to forces of 115pN (high force condition, for 388 0.3A) and ~50pN (low force condition, for 0.15A). Note that for currents above 389 0.5A the magnetic force saturates. 390 391
Imaging and force application 392
Embryos were imaged at room temperature (22°C) using an Andor spinning disk 393 confocal microscope. Z stacks of 4--5 sections spaced by 1 micron interval were 394 collected every 5 seconds with 100X magnification. 395
The magnet was precisely positioned with a three--axis micromanipulator 396 (Narishige UMM--3FC) mounted on the microscope stage. In the experiments, the 397 electromagnet has been positioned approximately at 190 µm from the bead, and 398 the force has been applied systematically for 65s. Data considered valid for 399 analysis are cases when the bead is attached to the apical cell membrane. 400
Occasionally, the bead detaches from the membrane, displaces in the basal 401 direction or is attached to a wrong site in the cell for pulling experiment. In those 402 cases, we did not include the data in the analysis. 403 404
Analysis of the bead displacement 405
Analysis of the bead displacement was performed using Fiji. Tracking of the bead 406 was performed on images acquired on the red channel where the auto--407 fluorescence of the particle is emitted. The following analysis step were 408 implemented: (1) A median filter (radius 2) is applied on maximum intensity 409 projections of each z stacks, (2) the projection is then manually thresholded, (3) 410
MTrack2 plugin was used to automatically extract the x--y coordinate of the bead. 411
In some occasions, samples showed drift. In order to detrend extracted bead 412 displacements, we fit a linear function, = + , to the bead displacement 413 in the 100s preceding the force application. Assuming this drift pertained during 414 the force application, we subtracted this linear trend from the bead displacement. 
